Abstract: Despite significant advances in the management of acute coronary syndrome (ACS) and long-term antiplatelet therapy after an ACS event, patients continue to be at risk of further cardiovascular events. There is evidence that recurrent events are at least partly attributed to the persistent activation of the coagulation system after ACS. Various anticoagulants, including vitamin K antagonists (VKAs) and non-VKA oral anticoagulants, have been evaluated in patients post-ACS, in combination with antiplatelet therapy. The desired outcome would be a further reduction of recurrent cardiovascular events with low or acceptable levels of bleeding complications. Here, we provide an overview of the current clinical trial data of non-VKA oral anticoagulants, focusing on rivaroxaban in particular, for secondary prevention in patients with a recent ACS event.
Introduction
Cardiovascular disease is the most common cause of mortality in the developed world. 1 The current long-term treatment includes dual antiplatelet therapy (DAPT) with aspirin, plus a P2Y12 receptor antagonist, statins, beta-blockers, and angiotensinconverting enzyme inhibitors.
2 P2Y12 receptor antagonists have established an evidence base in randomized controlled trials (CURE, 3 COMMIT, 4 TRITON TIMI 38, 5 TRILOGY ACS, 6 and PLATO 7 ). Most patients with acute coronary syndrome (ACS) also undergo revascularization 2 and, despite these treatment strategies, patients are at high risk of further cardiovascular events 7, 8 that are at least partly contributed to by the persistent activation of the coagulation system. 9 In light of this, there has been interest in investigating anticoagulant therapy in conjunction with antiplatelet therapy to improve outcomes further in patients post-ACS. However, the inherent benefit from anticoagulant therapy has to be weighed against the increased risk of bleeding, and achieving a suitable balance is key to their utility in clinical practice. Previous studies with warfarin and antiplatelets demonstrated clinical benefits that were outweighed by an increase in bleeding. 10 Novel, non-vitamin K antagonist (VKA) oral anticoagulants have been developed in recent years, and some have been investigated for secondary prevention after ACS. In this article, we discuss key data from recent clinical trials of the non-VKA oral anticoagulants in patients with a recent ACS event, and the potential implication of these findings for future clinical practice. events in patients post-ACS despite being treated with DAPT ( Figure 2 ). Also, this provides the rationale for the use of anticoagulant therapy to further reduce recurrent events. In the ESTEEM trial, 16 Wallentin et al demonstrated that reducing the procoagulant status, as measured by D-dimer levels with ximelagatran, was associated with decreased risk of new ischemic events. This effect was present irrespective of whether the reduction in D-dimer occurred spontaneously or secondary to ximelagatran. 17 Parenteral anticoagulantssuch as heparin, low molecular weight heparin, bivalirudin, and fondaparinux -are used in the acute phase post-ACS. 2, 18 These agents are also used periprocedurally during percutaneous coronary intervention (PCI). Although these agents have been shown to significantly improve cardiovascular outcomes in patients with ACS, it is not practical to continue long-term treatment with these agents after hospital discharge. Previous studies of warfarin combined with aspirin have shown improved efficacy outcomes that were outweighed by an unacceptable increase in bleeding events. 10, 19 This was further confirmed in a meta-analysis by Andreotti et al, 10 which demonstrated that warfarin combined with aspirin, when compared with aspirin alone, further reduced the risk of major adverse events including all-cause death, non-fatal MI, and non-fatal thromboembolic stroke, if the 
Notes:
The coagulation cascade includes three overlapping phases: initiation; amplification and propagation; and clot formation. In the initiation phase, the tissue factor/FVIIa complex activates coagulation factors iX to iXa and X to Xa; FXa cleaves prothrombin, activating conversion to thrombin and generating small amounts of thrombin. in the amplification and propagation phase, thrombin signals for further platelet activation and aggregation; on the surface of the platelets, thrombin activates FV, FVIII, and FXI, and FVIIIa forms a complex with FIXa, which increases thrombin generation. During the clot formation phase, thrombin catalyses the conversion of fibrinogen to fibrin, leading to thrombus formation. international normalized ratio is 2.0-3.0 (odds ratio: 0.73; 95% confidence interval: 0.63-0.84; P,0.0001). However, the combination of warfarin and aspirin was associated with a significant increase in the risk of major bleeding. Other major drawbacks that exist with warfarin include multiple drug and food interactions, the need for regular coagulation monitoring with the international normalized ratio, and dose titration to ensure that the intensity of anticoagulation is within the therapeutic range. 
Non-VKA oral anticoagulants
The non-VKA oral anticoagulants (ie, direct Factor Xa or direct thrombin inhibitors) have several advantages over VKAs, including predictable pharmacokinetic and pharmacodynamic profiles, rapid onset and offset of action, no requirement for routine coagulation monitoring, and no clinically relevant food interactions. 21 Some of these agents, such as the direct Factor Xa inhibitors rivaroxaban and apixaban, and the direct thrombin inhibitor dabigatran etexilate, have been approved for clinical use in several thromboembolic indications. 22 The potential of some of these novel oral agents for secondary prevention post-ACS has also been investigated (Table 1) , 10, 16, [23] [24] [25] [26] [27] [28] [29] and the results of these studies are discussed in the following section.
Direct thrombin inhibitors Ximelagatran
Ximelagatran was the first oral direct thrombin inhibitor extensively studied as an alternative to warfarin in patients with atrial fibrillation (AF). Its potential for use in patients with ACS was studied in the ESTEEM trial 16 in patients after ST-elevation or non-ST-elevation MI (STEMI or NSTEMI). Ximelagatran showed promise in reducing the risk of the composite primary endpoint of death from any cause, MI, or severe recurrent ischemic events without increase in major bleeding. However, its potential was short-lived and the drug was subsequently withdrawn from the market due to hepatotoxicity, 16 but the study demonstrated the potential for oral anticoagulants in secondary prevention following ACS. 
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Dabigatran etexilate
The RE-DEEM trial 23 was a Phase II dose-exploration study of dabigatran in patients after an ACS event. The primary endpoint of this study was the composite of major or clinically relevant non-major bleeding. Dabigatran demonstrated a dose-dependent increase in the risk of bleeding without any effect on cardiovascular ischemic endpoints (a composite of cardiovascular death, non-fatal MI, or non-hemorrhagic stroke), 23 and no Phase III study has been conducted in this indication. A recent meta-analysis of trials involving oral direct thrombin inhibitors has demonstrated an increased risk of MI with these drugs compared with warfarin, with an odds ratio for dabigatran in four trials of 1.41 (95% confidence interval: 1.09-1.83; P=0.009).
30

Direct Factor Xa inhibitors Apixaban
The APPRAISE-1 trial 24 was a Phase II, dose-exploration study conducted in patients after an ACS event, which compared increasing doses of apixaban (5-20 mg, total daily dose) and placebo plus standard antiplatelet therapy for 6 months. The study demonstrated a dose-related increase in clinically significant bleeding in patients receiving apixaban compared with placebo, although there was a trend towards a reduction in the incidence of cardiovascular events in the apixaban arm. 24 Encouraged by the results of this Phase II trial, APPRAISE-2 25 was conducted in patients after an ACS event over 2 years. However, this Phase III study was terminated prematurely because of an increase in major bleeding events with apixaban, without a concomitant reduction in recurrent ischemic events. At termination, the composite primary endpoint of death from cardiovascular causes, MI, or ischemic stroke occurred in 7.5% of apixaban patients and in 7.9% of placebo patients; this was not statistically significant (hazard ratio [HR]: 0.95; P=0.51). The primary safety endpoint of Thrombolysis in Myocardial Infarction (TIMI) major bleeding was statistically increased with apixaban compared with placebo (1.3% versus 0.5%; HR: 2.59; P=0.001). Apixaban also increased intracranial and fatal bleeding compared with placebo. 25 Darexaban RUBY-1 26 was a Phase II exploratory trial in patients with a recent ACS event. The study assessed six darexaban dosing regimens (10-60 mg, total daily dose) compared with placebo plus standard antiplatelet therapy for 26 weeks. 26 The primary safety outcome of major or clinically relevant non-major bleeding, as per the modified version of the International Society on Thrombosis and Haemostasis's definition was numerically higher in all darexaban arms than in the placebo arm, with HRs ranging from 1.8 to 3.8. 26 The composite efficacy endpoint of death from any cause, MI, stroke, or severe recurrent ischemia was numerically higher in the darexaban arms than in the placebo arm (5.6% versus 4.4%). 26 To date, no Phase III study has been conducted in this indication.
Letaxaban
AXIOM-ACS
27 was a Phase II trial of patients following an ACS event, which included three stages of increasing doses of letaxaban. At stage 1, patients received letaxaban (10 mg, 20 mg, or 40 mg twice daily [bid]) or placebo for 1.5-7 days; stages 2 and 3 consisted of patients receiving letaxaban doses from 40 mg bid to 120 mg bid. The study was terminated prematurely by the data safety monitoring board because of an increase in adverse events resulting in drug discontinuation. 31 The overall rate of TIMI major bleeding was not increased with letaxaban, although a dose-dependent increase in bleeding incidence was noted. 27 
Rivaroxaban
Rivaroxaban is an oral, direct Factor Xa inhibitor. It has a high oral bioavailability (80%-100%) and a rapid onset of action, with a half-life of 5-9 hours in healthy young individuals and 11-13 hours in the elderly. [32] [33] [34] Rivaroxaban has been studied extensively for the prevention and treatment of thromboembolism and is approved for clinical use for several indications, including secondary prevention after ACS.
35
ATLAS ACS TIMI 46 trial
This was a Phase II dose-exploration study 28 that investigated rivaroxaban (at total daily doses of 5 mg, 10 mg, 15 mg, or 20 mg) plus standard antiplatelet therapy in patients stabilized after an ACS event. 28 A total of 3,491 patients recruited 1-7 days after hospitalization for ACS were stratified to aspirin only (stratum 1) or aspirin and a thienopyridine (stratum 2), based on physician discretion. The risk of clinically significant bleeding (the primary safety endpoint) increased in a dose-dependent manner in patients receiving rivaroxaban: the HRs were 2.21, 3.35, 3.60, and 5.06 for the 5 mg, 10 mg, 15 mg, and 20 mg doses, respectively. The rate of the primary efficacy endpoint of death, MI, stroke, or severe recurrent ischemia requiring revascularization during 6 months was lower in the rivaroxaban group than in the placebo group (5.6 versus 7.0), but this difference did not reach statistical significance (P=0.10). 
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ATLAS ACS 2 TIMI 51 trial
Based on the Phase II study results, this Phase III study 29 investigated the potential of low doses of rivaroxaban plus antiplatelet therapy to improve cardiovascular outcomes in patients with recent ACS. The study recruited 15,526 patients within 7 days of hospitalization for ACS. Patients were stratified according to thienopyridine use and then randomized in a double-blind 1:1:1 fashion to rivaroxaban 2.5 mg bid, rivaroxaban 5 mg bid, or placebo plus low-dose aspirin. Among the recruited patients, 50.3% had STEMI, 25 Table 2) . 29 There was no reduction in cardiovascular death with the 5 mg dose (HR: 0.94; P=0.63).
Rivaroxaban (combined data for 2.5 mg and 5 mg bid) significantly increased the rates of non-coronary artery bypass graft-related TIMI major bleeding (HR: 3.96; P,0.001), TIMI minor bleeding (P=0.003), TIMI bleeding requiring medical attention (P,0.001), and intracranial hemorrhage (P=0.009), but not of fatal bleeding (P=0.66), compared with placebo ( Table 2 ). There were numerically fewer major bleeding events associated with 2.5 mg than with 5 mg (1.8% versus 2.4%); the 2.5 mg dose was associated with significantly lower incidences of fatal bleeding, TIMI minor bleeding, and TIMI bleeding requiring medical attention compared with the 5 mg dose. This could partially 
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Rivaroxaban in patients with ACS: what are the key factors pertaining to its use in daily clinical practice?
Use of anticoagulation is beneficial in reducing major adverse cardiovascular events after an initial ACS event, but these benefits can be negated by the increased risk of major bleeding. 10 Rivaroxaban is the first oral anticoagulant to show improved outcomes in ACS without increasing fatal bleeding, 29 if used in combination with standard antiplatelet therapy, finding the "sweet spot" in providing net clinical benefit. There are several factors that may have contributed to the different observed outcomes between the non-VKA oral anticoagulants, such as the failure of apixaban to show a beneficial effect. The ATLAS ACS 2 TIMI 51 trial used much lower doses of rivaroxaban (2.5 mg and 5 mg bid) than the doses used for other indications; the trial for stroke prevention in patients with non-valvular AF, for instance, used a dose of 20 mg once daily (od). 37 In contrast, APPRAISE-2 25 used a similar dose of apixaban to that used in the stroke prevention study, 38 which may explain the increased risk of major bleeding including intracranial and fatal bleeding events. It seems clear that using high doses in combination with antiplatelets was the major contributor for the failure of the other non-VKA oral anticoagulants in ACS trials. Furthermore, ATLAS ACS 2 TIMI 51 29 excluded patients who were at high risk of bleeding, such as patients with platelet counts ,90,000/mm 3 , hemoglobin ,10 g/dL, creatinine clearance ,30 mL/minute, significant gastrointestinal bleeding in the past 12 months, previous intracranial hemorrhage, or previous transient ischemic attack (TIA)/ stroke. The APPRAISE-2 study, 25 however, included patients who were at a high bleeding risk and had cerebrovascular disease, peripheral vascular disease, or renal insufficiency, and patients with heart failure. Data from the TRITON-TIMI 38 5 study also showed a significant increase in major bleeding with no efficacy benefit for prasugrel compared with clopidogrel in patients with previous stroke or TIA. Furthermore, the mean age group for the ATLAS ACS 2 TIMI 51 29 study was 62 years, with approximately 9% of patients aged .75 years; the median age for the APPRAISE-2 25 study was 67 years, with nearly 60% of patients aged .65 years. This may have been another factor contributing to the increased bleeding complications noted in this study. However, it is important to remember that, compared with antiplatelet therapy alone, rivaroxaban increased the risk of TIMI major bleeding, TIMI minor bleeding, TIMI bleeding requiring medical attention, and intracranial bleeding; therefore, bleeding risk should be carefully considered before using this drug in patients with ACS. 29 As discussed, rivaroxaban 2.5 mg significantly decreased death from cardiovascular or any cause -an effect that was not seen in the 5 mg dose cohort. 29 The rate of major bleeding associated with the 2.5 mg dose was numerically lower than that associated with the 5 mg dose (1.8% versus 2.4%). This is consistent with findings from other major trials in patients with ACS -such as HORIZONS AMI 39 and OASIS-5 (Fifth Organization to Assess Strategies in Acute Ischemic Syndromes), 40 in which decreased bleeding was consistently associated with mortality benefit -which highlights the importance of bleeding and associated mortality. The key message, therefore, is to use the low dose of rivaroxaban (2.5 mg bid) after a careful assessment of bleeding risk. Some clinicians may wish to consider this therapy in the higher ischemic risk group with a bleeding risk that is not unacceptably high. For example, because rivaroxaban has been shown to significantly reduce the rates of stent thrombosis, it should be considered in patients who undergo PCI as the revascularization strategy for their ACS and who have a high stent thrombosis risk but an acceptable bleeding risk. Rivaroxaban 2.5 mg bid is now approved in the European Union (but not in the US) for the prevention of atherothrombotic events in adults with ACS who have elevated cardiac biomarkers, combined with aspirin with or without clopidogrel or ticlopidine. 35 There are no data currently available for rivaroxaban in combination with other DAPT regimens (for example, aspirin plus prasugrel or aspirin plus ticagrelor). Therefore, rivaroxaban should not be used in combination with these newer DAPT regimens, especially because these agents caused more bleeding than aspirin plus clopidogrel in clinical studies. 5, 7 A further question is whether the triple therapy of rivaroxaban, aspirin, and clopidogrel is better than the newer DAPT combination of aspirin plus prasugrel or aspirin plus ticagrelor. There are some interesting observations to note in the ATLAS ACS 2 TIMI 51 29 and PLATO trials. 7 In the PLATO trial, 7 patients were randomized in the acute phase (within 24 hours), whereas in the ATLAS trial, 29 patients were randomized in the subacute phase, up to 7 days after an ACS event. The primary endpoint occurred in 11.7% of patients in the clopidogrel arm in PLATO 7 and 10.7% in the placebo arm (predominantly aspirin with clopidogrel) in ATLAS ACS 2 TIMI 51. 29 Interestingly, the addition of rivaroxaban (2.5 mg dose) resulted in a 34% relative risk reduction in cardiovascular mortality in the ATLAS 
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Management of bleeding events
A concern associated with the use of non-VKA oral anticoagulants (including rivaroxaban) is the absence of a specific antidote that can be used to rapidly reverse the anticoagulation effect in case of emergency, such as life-threatening bleeding events or emergency surgery. 41 Combining any anticoagulant with antiplatelet therapy will inevitably increase the risk of bleeding; therefore, careful assessment of bleeding risk (for example, the CRUSADE bleeding score 42 -low red blood cell count, renal impairment, prior vascular disease, diabetes, and so on) and careful monitoring for signs or symptoms of bleeding will be required. To prevent major or fatal bleeding events, rivaroxaban administration is contraindicated in patients with clinically significant active bleeding, in patients with hepatic disease associated with clinically relevant bleeding and coagulopathy, and in patients with prior stroke or TIA. Rivaroxaban is also not recommended in patients with severe renal impairment (creatinine clearance ,15 mL/minute) in all of its approved indications. 43 The mainstay of treatment for patients who have a major bleeding event with rivaroxaban is to stop the drug and provide supportive care while waiting for the anticoagulation effect to wane. This supportive care includes fluid or blood replacement, hemodynamic support, mechanical compression, and surgical hemostasis. 44 Rivaroxaban may affect international normalized ratio measurements, but the international normalized ratio is not recommended for monitoring the anticoagulant activity or dosing of rivaroxaban. 43 There is some emerging evidence that prothrombin complex concentrate could reverse the anticoagulant effects of rivaroxaban 45, 46 and dabigatran etexilate. 46 In animal studies and Phase I studies conducted with healthy human volunteers, prothrombin complex concentrate (four-factor) infusion normalized the prolonged prothrombin time induced by rivaroxaban, and the effect was sustained for 24 hours, showing promise as an effective reversal agent for rivaroxaban. 45, 47 However, further studies in patients with bleeding are required to confirm its potential clinical utility. Many studies are being undertaken to find reversal agents for Factor Xa inhibitors. [46] [47] [48] One such drug, PRT445, has undergone Phase I and Phase II studies, which have confirmed it has a good safety profile in healthy volunteers. 48 Further studies are eagerly awaited.
Other considerations for integration of rivaroxaban into clinical practice
In clinical practice, the question of when to start rivaroxaban therapy is an important one. For example, heparin, a parenteral anticoagulant, is commonly used in the acute setting. By contrast, oral anticoagulants such as rivaroxaban have been tested in the subacute phase. Indeed, in the ATLAS ACS 2 TIMI 51 Phase III trial, 29 the average number of days at which rivaroxaban treatment was initiated was 4.7 days after the index event. When using the two different anticoagulant approaches (parenteral and oral) in the acute and subacute settings, a switch from one agent to the other must be managed to ensure adequate anticoagulation is maintained. Guidance for switching from a parenteral anticoagulant to rivaroxaban advises that "rivaroxaban should be started 0 to 2 hours before the time of the next scheduled administration of the parenteral anticoagulant or at the time of discontinuation of continually administered parenteral anticoagulant"; however, guidance for switching from rivaroxaban to a parenteral anticoagulant advises that "the first dose of the parenteral anticoagulant should be given at the time the next rivaroxaban dose would be taken". 43 A common clinical scenario encountered in ACS management is the need for oral anticoagulants because of concomitant AF or mechanical heart valves. Up to 30% of patients who require long-term anticoagulation have associated ischemic heart disease. 49 Clinical data on the use of rivaroxaban in patients with both ACS and AF are not available and, therefore, there are no recommendations regarding specific rivaroxaban doses to be used in these patients. The WOEST study 49 is a recent open-label randomized trial, which compared triple therapy (warfarin, aspirin, and clopidogrel) with dual therapy (clopidogrel and warfarin) in approximately 600 patients who needed long-term anticoagulation and who were undergoing PCI. The primary endpoint (any bleeding events) occurred more frequently in the triple-therapy cohort compared with in the dual-therapy cohort (44.4% versus 19.4%, respectively; P,0.001). The rate of combined secondary endpoint of death, MI, stroke, target vessel revascularization, and stent thrombosis was statistically significantly higher in the triple-therapy cohort compared with in the dual-therapy cohort (17.6% versus 11.1%, respectively; P=0.025). Dual therapy conferred a mortality benefit compared with triple therapy (6.3% versus 2.6%, respectively; P=0.027), again strengthening the argument that less bleeding is always good. This is the first study to give an inclination that aspirin may be omitted 
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Shivu and Ossei-Gerning safely and that the combination of an oral anticoagulant and clopidogrel offers benefits in reducing the risk of bleeding without significantly increasing cardiovascular outcomes. This trial also raises the question of whether combination therapy with an anticoagulant and an antiplatelet agent is better than DAPT in all patients with ACS. Consistent with the WOEST study, 49 the Phase II ATLAS ACS TIMI 46 trial 28 showed that clinically significant bleeding was lower in the rivaroxaban plus aspirin group than in the rivaroxaban plus aspirin and thienopyridine group, irrespective of whether dosing is once daily or twice daily. 28 Further studies regarding drug combinations are eagerly awaited.
PIONEER AF-PCI 50 is a new Phase III study that will evaluate three antithrombotic regimens after PCI, with stent placement in patients with nonvalvular AF. The treatment arms are: 1) rivaroxaban 2.5 mg bid plus DAPT for 1 month, 6 months, or 12 months, followed by rivaroxaban 15 mg od plus aspirin; 2) VKA treatment plus DAPT for 1 month, 6 months, or 12 months, followed by VKA plus aspirin until end of treatment (at 12 months); and 3) rivaroxaban 15 mg od plus clopidogrel for 12 months. Which drug combinations are best for different clinical settings are only now beginning to emerge and will doubtless continue to evolve our understanding of the "sweet spot" between ischemia and bleeding.
Although clinical evidence is lacking at present, there is a growing consensus among experts that rivaroxaban can be used in combination with DAPT in patients with very diffuse coronary artery disease who do not have any revascularization options, and in patients with ectatic atherosclerotic disease and sluggish coronary flow. In the latter situation, warfarin is often given, although there is no evidence base to support this strategy.
Conclusion
Emerging evidence indicates that anticoagulant therapy combined with standard antiplatelet therapy can further reduce the risk of recurrent cardiovascular events in patients with ACS. Non-VKA oral anticoagulants have several benefits compared with VKAs in terms of pharmacodynamics; interactions with drugs, food, and alcohol; and the need for ongoing coagulation monitoring. In contrast to VKAs and other novel oral anticoagulants, the addition of low doses of rivaroxaban to DAPT reduces the risk of death from cardiovascular events without increasing fatal bleeding in patients with a recent ACS event. Long-term anticoagulation with a low dose of rivaroxaban represents a new adjunctive treatment strategy for secondary prevention in patients with ACS.
It is clear that antithrombotic therapy should be individualized for patients after an ACS event. The addition of rivaroxaban 2.5 mg to standard antiplatelet therapy should be considered in patients with ACS who have high ischemic but low bleeding risk and perhaps also in those with AF, after an assessment of bleeding risk.
